Abstract. Radiation heat loss has an important impact on near-limit flames. It has been shown that radiation heat loss can make stretched CH 4 -air flames extinguish at a lower stretch rate. Numerical calculations of counterflow premixed H 2 -air flames were conducted using an accurate description of the chemical kinetics and transport properties. Radiation heat loss was considered. The results show that in addition to the stretch extinction limit, radiation heat loss also allows the lower and middle equivalence ratio counterflow premixed H 2 -air flames to extinguish at a lower stretch rate. For middle equivalence ratio counterflow H 2 -air flames, the closed temperature profiles become distorted O-shaped curves due to the lower Lewis number, being different from those of CH 4 -air flames. For higher equivalence ratio counterflow premixed H 2 -air flames, there are two stable flame branches-a normal flame branch and a weak flame branch. When the equivalence ratio is greater than a critical value, the closed temperature profile curve of every equivalence ratio flame opens and the normal flame curve can be extended to zero stretch rate. The calculation of the concentration limit of one-dimensional planar premixed H 2 -air flames was also conducted. The results show that the critical equivalence ratio corresponds to the concentration limit of the one-dimensional planar premixed H 2 -air flame. The extension of the flammable region due to the stretch is amplified for the counterflow H 2 -air flame because of its much lower Lewis number than that of the counterflow CH 4 -air flame.
Introduction
Flammability limits and the associated limiting mechanisms of premixed flames have been of interest to combustion scientists. For a one-dimensional premixed flame in a doubly infinite domain, it has been well known that radiation heat loss produces a concentration limit [1, 2] . For stretched premixed flames, both experimental and theoretical investigations have shown that an excessive stretch makes the flame extinguish due to incomplete combustion [3, 4] . A proper understanding of the structure and extinction characteristics of stretched laminar flames, such as counterflow flames, is critical to the development and application of the laminar flamelet concept to turbulent flame modelling.
Sohrab and Law [5] investigated the effect of radiation heat loss on stretched premixed flames, and concluded that radiation has little impact on the extinction of stretched flames because the stretch rate in their study was not extended to a sufficiently low value. Egolfopoulos
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1364-7830/00/040459+17$30.00 © 2000 IOP Publishing Ltd [6] also studied the radiation effects on steady and unsteady stretched flames, and indicated that radiation is important for near-limit stretched laminar flames and for weakly stretched diffusion flames. However, the study was not extended to sufficiently low stretch rates either. A pioneering work by Platt and T'ien [7] investigated the extinction of counterflow premixed flames at low stretch rates, and found that the flame extinguishes at a low stretch rate because of the radiation heat loss. However, constant transport properties and a simple one-step overall reaction mechanism, which cannot consider the effects of chain-branching and the chainterminating process, were used in the paper. The experimental study carried out by Maruta et al [8] under microgravity conditions indicated that, in addition to the stretch extinction which occurred at a high stretch rate, flame extinction also occurred when the stretch rate decreased to a sufficiently low value. Numerical investigations by Guo et al [9] using the detailed chemistry and transport properties indicated that the flame extinction at a low stretch rate is due to radiation heat loss and showed a C-shaped extinction limit curve. Sung et al [10] also showed this phenomenon by numerical calculation. More recently, Ju et al [11] found the phenomenon of two stable flame branches and showed a G-shaped curve through further numerical calculations This phenomenon of two stable flame branches was also found by Buckmaster [12] using a simple asymptotic strategy. Guo et al [13] extended the investigations by considering radiation reabsorption, and found that reabsorption has little influence on the extinction limits of CH 4 air counterflow premixed flames. Furthermore, Ju et al [14] investigated the effect of the Lewis number on the extinction characteristics of stretched premixed flames by using a simple one-step reaction scheme and constant transport properties. The results show that a variation of the Lewis number causes the extinction curve to change.
Most of the above studies were conducted for CH 4 -air flames. Another typical fuel in practical applications is hydrogen, which has a much lower Lewis number than that of a methane-air mixture. The radiating system of a H 2 -air flame, where only H 2 O is the radiating species, is different from that of a CH 4 -air flame, where radiating species include CO 2 , H 2 O, CO and CH 4 . Therefore, we can expect that the phenomenon of extinction of H 2 -air counterflow premixed flames may be different from that of CH 4 -air flames. In the present study, numerical investigations of counterflow premixed H 2 -air flames were conducted. Firstly, attention was paid to whether the radiation extinction limit exists for stretched H 2 -air premixed flames. Secondly, we tried to find the differences between the extinction phenomena of CH 4 -air flames and H 2 -air flames due to the change of Lewis number and radiating system. Finally, we focused our attention on the relation between the limits of counterflow premixed flames and the concentration limit of one-dimensional planar premixed flames by conducting calculations in both configurations using the same chemistry, transport properties and radiation model.
Numerical model
We considered a flame produced by two counterflow H 2 -air mixture streams which emerge from two coaxial jets. A chemically reacting boundary layer is established in the neighbourhood of the stagnation point produced by these two flows.
The calculation for counterflow premixed flames assumes laminar stagnation point flow, and the boundary layer approximation is applied. The governing equations for mass, momentum, chemical species and energy equations are the same as those of our previous calculations [9, 11] . For the sake of brevity, only the energy equation is given here:
In equation (1), q r is the sink term due to the thermal radiation, which will be described later, and KK is the number of species. Potential flow boundary conditions were used. A 19-reaction, nine-species chemical mechanism, as given in [15] , was used for the H 2 -air mixtures. The pressure was 1 atm, and the ambient temperature T 0 = 300 K. Thermodynamic properties were calculated from the CHEMKIN database [16] , and the transport properties were calculated by using the code developed by Kee et al [17] .
Our calculations were carried out basically by using the method developed by Smooke et al [18] [19] [20] . Windward differencing was used for the convective term, and the calculation included adaptive mesh refinement. An improved arc-length continuation method [11, 20, 21] was used to obtain the extinction limits. Thermal diffusion of H and H 2 was taken into account.
Our previous investigation [13] using an improved radiation model, in which the radiation reabsorption is included, showed that the reabsorption has little influence on the extinction limits of counterflow premixed flames. The maximum optical thickness in all our present calculations is much less than 1.0. Therefore, the optically thin radiation model was used in the present calculation to save computation time. Thus the sink term due to the radiation heat loss, q r , may be calculated as [22] 
where σ is the Stefan-Boltzmann constant, k p is the Planck mean absorption coefficient, T 0 is the ambient temperature and T is the instantaneous local temperature. The Planck mean absorption coefficient accounts for the absorption and emission from H 2 O, which is the only dominant radiating species in H 2 -air flames, and is expressed as Figure 1 shows the variations of the maximum flame temperature versus stretch rate for three lower equivalence ratio flames (the equivalence ratios are 0.1426, 0.1466 and 0.1601, respectively). It can be found that the maximum flame temperature profile of every flame is a closed O-shaped curve. We know that the upper branch of the curve is the physically stable solution, and the lower branch is the physically unstable solution. As the stretch rate increases from a middle value, the maximum flame temperature first rises to a maximum value, then decreases and finally the flame extinguishes at a higher stretch rate. This phenomenon is well known. First, the Lewis number, defined as the ratio of the mixture thermal diffusivity to the fuel mass diffusivity of a lean H 2 -air mixture, is about 0.3, i.e. significantly less than 1.0. Therefore, with increasing stretch rate, the energy gain of the reaction zone due to the preferential diffusion of the deficient species (H 2 ) becomes stronger, and thus the flame temperature rises. Meanwhile, the radiative heat loss decreases due to flame thinning, which also makes the flame temperature rise as the stretch rate increases. Both of these two factors lead to rising flame temperature as the stretch rate increases. However, with a further increase of the stretch rate, the chemical reaction cannot be completed because of the shortened residence time, and thus the flame temperature decreases and finally the flame extinguishes. Therefore, the extinction limit for each flame in the right-hand portion of the curve in figure 1 is caused by the excessive stretch. We call this extinction limit the 'stretch extinction limit'. As the stretch rate decreases from a middle value, the flame temperature decreases and finally the flame also extinguishes at a low stretch rate for each equivalence ratio. This phenomenon means that not only an excessive stretch but also too low a stretch causes the flame to extinguish. The maximum flame temperature is always located at the stagnation plane regardless of the stretch rate for all lower equivalence ratio flames in figure 1 .
There are two factors that make the flame temperature reduce as the stretch rate decreases. First, as indicated above, the Lewis number effect weakens and thus the flame temperature reduces when the stretch rate decreases. Secondly, the radiation heat loss increases and thus the flame temperature reduces as the stretch rate decreases. However, the Lewis number effect cannot allow the flame to extinguish at a low stretch rate. This can be confirmed by conducting the calculation for an adiabatic flame (neglecting radiation heat loss), as shown in figure 2. We can find that the adiabatic flame does not extinguish at a low stretch rate, because the Lewis number effect becomes very weak at low stretch rates. The flame extinction at a low stretch rate occurs only after the radiation heat loss is considered. Therefore, the radiation heat loss is the direct factor which results in the flame extinction as the stretch rate decreases to a sufficiently low value. As for CH 4 -air flames [9] , we call this flame extinction limit at the low stretch rate the 'radiation extinction limit', to distinguish it from the 'stretch extinction limit'. Therefore, the radiation extinction limit still exists for the H 2 -air counterflow premixed flame, although its radiating system and Lewis number are different from those of a CH 4 -air flame.
As we analysed for CH 4 -air flames [9] , the mechanism of radiation extinction is as follows. We know that the heat release rate, which is proportional to the mass consumption rate of fuel, reduces because of the decreasing mass flow rate from the burner as the stretch rate decreases. On the other hand, the flame thickens and thus the radiation heat loss, which is proportional to the volume fraction of emitting species (H 2 O), increases relatively as the stretch rate decreases.
Therefore, the radiation fraction, defined as in our previous paper [9] , rises rapidly, and the flame temperature drops more rapidly than the adiabatic flame as the stretch rate decreases, as shown in figures 2 and 3. This flame temperature drop causes the burning velocity to reduce rapidly. Thus the flame cannot move away from the stagnation plane when the stretch rate decreases, although the flow speed of the unburnt mixture also decreases. As the stretch rate decreases to a sufficiently low value, the flame temperature drops to such a low value that the burning velocity becomes very low and the chemical reaction cannot be completed within finite residence time. Then radiation extinction occurs. So we can conclude that the Half the flame separation distance and maximum flame temperature versus the stretch rate, the equivalence ratio is 0.244. Point a is the radiation extinction limit, b is the point where twin flames merge again, c is the point where the maximum flame temperature begins to rise with decreasing stretch rate, d is the point where the distance between twin flames takes the maximum value, e is the point where twin flames begin to form, f is the point where the maximum flame temperature takes the maximum value as the stretch rate changes and g is the stretch extinction limit.
direct fact which results in the radiation extinction is the radiation heat loss, being different from the stretch extinction limit caused by the excessive stretch, although they share the same phenomenon-incomplete combustion.
We can also note that the maximum flame temperature at the radiation extinction limit is lower than that at the stretch extinction limit for each equivalence ratio flame. This is attributed to the different residence time at these two limits. The flame is very thin due to the high stretch rate, so the residence time is very short near the stretch extinction limit. Since the flame thickens as the stretch rate decreases, the residence time is longer near the radiation extinction limit than that near the stretch extinction limit. Therefore, a flame of lower stretch rate can be sustained at a lower temperature than that of higher stretch rate, and the maximum flame temperature at the radiation extinction limit is lower than that at the stretch extinction limit. This extinction phenomenon of H 2 -air flames in a lower equivalence ratio region is similar to that of CH 4 -air flames [9, 11] .
Middle equivalence ratio flames (0.1875 φ 0.2734).
With increasing equivalence ratio, the closed O-shaped curve of maximum flame temperature profile shown in figure 1 is distorted. Figure 4 shows the maximum flame temperature profile for the flame of equivalence ratio 0.244. It can be found that as the stretch rate increases from a middle value, the phenomenon is similar to those in figure 1. However, the left-hand portion of this curve is a little different from those of lower equivalence ratio flames. As the stretch rate decreases from a middle value, the maximum flame temperature first also drops, but then rises when the stretch rate further decreases from point c until point b is reached. Finally, the maximum flame temperature drops again from point b and radiation extinction occurs at point a. This difference of the maximum flame temperature profiles between lower and middle equivalence ratio flames is due to the rise of the burning velocity with increasing equivalence ratio.
When the stretch rate decreases from point f , the maximum flame temperature drops because of the Lewis number effect and increasing radiation heat loss (due to flame thickening). However, the burning velocities become higher for middle equivalence ratio flames than those of lower equivalence ratio flames. Therefore, the flame propagation speed begins to exceed the unburnt mixture flow speed from point e, and the flame begins to move toward the burner exit and twin flames are formed. Then the distance, based on the maximum flame temperature, between twin flames increases with decreasing stretch rate, as shown in figure 4 (half the flame separation distance is shown in the figure), until point d, where the distance between twin flames takes the maximum value, is reached. In the meantime, there are two factors that result in a more rapid drop of the maximum flame temperature than that of the adiabatic flame. First, like lower equivalence ratio flames, the flame thickens as the stretch rate decreases and thus the direct radiation heat loss from flame to environment increases. Secondly, a temperature dip between twin flames is formed because of the radiation heat loss, and thus there are conductive heat losses from the reaction zone to the stagnation plane. It should be noted that these conductive heat losses are also caused, but indirectly, by radiation heat loss. Both the direct radiation heat loss and the conductive heat losses accelerate the flame temperature drop as the stretch rate decreases. As a result, the accelerated flame temperature drop allows the burning velocity to reduce more rapidly. When the stretch rate decreases to point d, the flame propagation speed becomes lower than the local flow velocity of the unburnt mixture upstream of the flame front. Therefore, the twin flames move toward the stagnation plane again, and the twin flame separation distance (based on the maximum flame temperature) reduces with the further decrease of the stretch rate. When twin flames are near the stagnation plane (at point c), the local stretch rate in the reaction zone is strengthened due to the streamline divergence, and therefore the flame temperature again rises slightly with decreasing stretch rate until point b, where twin flames merge again, is reached. Then the flame thickens and the flame temperature drops continuously with decreasing stretch rate until radiation extinction occurs at point a. Thus the distorted O-shaped temperature profile is a result of the combined effect of the Lewis number and the radiation heat loss.
Please note that the maximum flame temperature rise from point c to b does not occur for the middle equivalence ratio CH 4 -air flames [9, 11] . This is because the Lewis number of the CH 4 -air mixture is 0.98 (near 1.0), while that of the H 2 -air mixture is 0.3 (much less than 1.0). Therefore, when twin flames of CH 4 -air move back to the stagnation plane due to the radiation heat loss, the effect of the Lewis number is not strong enough to allow the flame temperature to rise, while the H 2 -air flame does due to its much lower Lewis number. So we can say that the transition of the O-shaped temperature profile to a distorted O-shaped profile only occurs for a mixture with a Lewis number much less than 1.0, such as a H 2 -air mixture.
This radiation extinction process can be clearly shown by the flame temperature and H 2 mass fraction distributions of three typical stretch rates in figure 5 . The maximum flame temperature is located at the stagnation plane at a stretch rate of 100 s −1 . When the stretch rate decreases to 1.0 s −1 , the flame temperature is lower than that at the stretch rate of 100 s
and a temperature dip between the twin flames is formed due to radiation heat loss. The twin flames merge again and incomplete combustion occurs as the stretch rate decreases further to 0.16 s −1 , which is near the radiation extinction limit. Although the radiation extinction of a stretched H 2 -air flame has not been observed in experiments, a similar flame extinction process for CH 4 -air was indeed observed by the microgravity experiment [8] . Figure 7 shows the maximum flame temperature profiles for flames with equivalence ratios of 0.3033 and 0.2734, respectively. We can find that the right-hand portions of the two curves are similar, but the left-hand portions are different. The stable flame branch of equivalence ratio 0.3033 divides into two branches, abc and ef , being different from the flame of equivalence ratio 0.2734. Furthermore, the ef branch extends to point d, where the stretch rate is higher than that at point c. There are four turning points, a, c, d and f , along the closed curve. From the fold bifurcation theory and the previous studies [11, 12] , we know that every turning point should be a separation point between the stable solution branch and the unstable solution branch. At the same time, we also know that the branch abc is the maximum flame temperature curve of a stable flame branch like that for the flame of equivalence ratio 0.2734. Therefore, cd is a maximum flame temperature curve of the physically unstable branch, def is another maximum flame temperature curve of the physically stable flame branch and fga is another maximum flame temperature curve of the physically unstable flame branch. Because the maximum flame temperature of branch def is lower than that of branch abc, we call branch def a weak flame branch and abc a normal flame branch, as in our study of a CH 4 -air counterflow premixed flame [11] .
Higher equivalence ratio flames (φ 0.3033).
To analyse the flame bifurcation mechanism in figure 7, half the flame separation distance, based on the maximum flame temperature position, is plotted versus the stretch rate in figure 8 for the equivalence ratio 0.3033. As discussed for middle equivalence ratio flames, when the stretch rate decreases from point b, where the maximum flame temperature takes its maximum value, the flame separation distance first increases and then decreases. However, when the stretch rate decreases to point c, the maximum flame temperature of a normal flame drops vertically there, although the flame separation distance has not decreased to zero. Then there is no solution existing for the normal flame branch for a further decrease of the stretch rate. Meanwhile, the weak flame exists at stretch rates lower than that of point c. Therefore, point c can be thought of as a jump limit, where the normal flame suddenly jumps to the weak flame. This phenomenon can be explained as follows. Unlike the flame of equivalence ratio 0.2734, the flame of equivalence ratio 0.3033 cannot move back to the stagnation plane with a continuous decrease of stretch rate due to the burning velocity strengthening when the equivalence ratio is higher. However, the direct radiation heat loss increases relatively, and the conductive heat losses from the flame zone to the stagnation plane increase as well due to the widened flame separation distance and larger temperature dip, compared with the heat losses of equivalence ratio 0.2734. The increase of these two kinds of heat losses results in the flame temperature dropping vertically and the normal flame jumps to the weak flame at point c before its twin flames move back to the stagnation plane. Of course, the flame extinguishes at the stretch Figure 7 . Maximum flame temperatures versus the stretch rate, the equivalence ratios are 0.2734 and 0.3033, respectively. Point a is the stretch extinction limit of the normal flame branch, b is the point where the maximum temperature of the normal flame takes the maximum value as the stretch rate changes, c is the jump limit of the normal flame branch, d is the jump limit of the weak flame branch, e is the point where the maximum temperature of the weak flame takes the maximum value as the stretch rate changes and point f is the radiation extinction limit of the weak flame branch. extinction limit (a) as the stretch rate is increased. Therefore, there are two limits for the normal flame branch-the jump limit (c) and the stretch extinction limit (a).
There is no such jump limit for the normal flame branch of CH 4 -air counterflow premixed flames [11] . So the appearance of this jump limit is the result of a lower Lewis number. Therefore, although the H 2 -air mixture is simpler, its extinction mechanism is more complex than CH 4 -air premixed flames due to its much lower Lewis number (much less than 1.0).
For the weak flame branch, the radiation extinction limit (f ) is reached with decreasing stretch rate due to the flame thickening. On the other hand, with increasing stretch rate the flame temperature rises and the burning velocity increases first until point e is reached because of decreasing radiation heat loss. Then the flame moves away from the stagnation plane and the flame temperature begins to go down due to weakening of the Lewis number effect. However, Figure 8 . Half the flame separation distance versus the stretch rate, the equivalence ratio is 0.3033. Point a is the stretch extinction limit of the normal flame branch, b is the point where the maximum temperature of the normal flame takes the maximum value as the stretch rate changes, c is the jump limit of the normal flame branch, d is the jump limit of the weak flame branch, e is the point where the maximum temperature of the weak flame takes the maximum value as the stretch rate changes and point f is the radiation extinction limit of the weak flame branch.
the drop rate of the flame temperature reduces with a further increase of the stretch rate due to decreasing radiation heat loss. Finally, the flame temperature rises again near point d and suddenly rises vertically at point d. Then there is no solution existing for the weak flame when the stretch rate is greater than that of point d. So point d can be thought of as a jump limit, where the weak flame jumps up to the normal flame branch, of the weak flame. Therefore, there are also two limits for the weak flame, the radiation extinction limit (f ) and the jump limit (d).
We can conclude that there are two stable flame branches, normal and weak flame branches, for higher equivalence ratio H 2 -air counterflow premixed flames. For each of these two branches, there are two limits, the stretch extinction and the jump limits for the normal flame branch, and the radiation extinction and the jump limits for the weak flame branch. When the stretch rate is within the range between points c and d, there are two solutions existing at the same stretch rate, a normal flame solution and a weak flame solution. The normal flame branch has a wider flame separation distance (based on the maximum flame temperature) and higher temperature, and the weak flame has a narrower flame separation distance and lower temperature, as shown in figures 7 and 8. Figure 9 shows the radiation fraction distribution of the 0.3033 equivalence ratio flame. The stretch rate at the jump limit of the normal flame is greater than that at the radiation extinction limit of the weak flame. However, the value of the stretch rate at the jump limit of the normal flame decreases sharply with increasing equivalence ratio, because the burning velocity increases and thus the twin flames can move further away from the stagnation plane when the stretch rate decreases. When the equivalence ratio is 0.3124, the stretch rate at the jump limit of the normal flame almost takes the same value as that at the radiation extinction limit of the weak flame, as shown in figure 10 . With a further increase of the equivalence ratio, the jump limit of the normal flame disappears and the closed curve of the Figure 9 . The radiation fraction versus the stretch rate, the equivalence ratio is 0.3033. Point a is the stretch extinction limit of the normal flame branch, b is the point where the maximum temperature of the normal flame takes the maximum value as the stretch rate changes, c is the jump limit of the normal flame branch, d is the jump limit of the weak flame branch, e is the point where the maximum temperature of the weak flame takes the maximum value as the stretch rate changes and point f is the radiation extinction limit of the weak flame branch. maximum flame temperature profile opens, such as the flame of equivalence ratio 0.3185. Then the maximum flame temperature curve of the normal flame branch can be extended to zero stretch rate, at which the solution should be the solution of a one-dimensional planar premixed flame. This is because the flame burning velocity is so high that the twin flames can move continuously toward the burner exit, like two one-dimensional planar premixed flames, when the stretch rate is decreased continuously for such a higher equivalence ratio. Therefore, we can expect that the solution of a one-dimensional planar premixed flame exists only when the equivalence ratio is greater than the value above which the jump limit of the normal flame does not exist and the closed curve of the stretched flame temperature profile opens.
Both the radiation extinction and jump limits of a weak flame still exist when the equivalence ratio increases further. This phenomenon is similar to that of CH 4 -air flames.
Although this two-flame branch phenomenon has never been observed in experiments, it was found in the numerical and theoretical studies of CH 4 -air counterflow premixed flames [11, 12] . It is expected that this phenomenon can be confirmed by microgravity or zero-gravity experiments in the future.
Concentration limit of one-dimensional planar premixed flames
In order to find the relation between counterflow premixed flames and one-dimensional planar premixed flames, we also conducted calculations of one-dimensional planar premixed flames by considering radiation heat loss. The chemistry and radiation model used are the same as those described above. Figure 11 shows the variations of flame temperature and burning velocity versus H 2 concentration. We find that both the flame temperature and the burning velocity drops vertically at an equivalence ratio of 0.314 (fuel percentage of 11.66), below which the flame cannot exist. This means that the concentration limit of a one-dimensional planar H 2 -air premixed flame is 11.66% (an equivalence ratio of 0.314).
This concentration limit obtained by us is much higher than that, about 4.0%, given in the textbooks [24, 25] for H 2 -air premixed flames. The difference between the present result and that in the textbooks is mainly attributed to the non-planar cellular flame structure, which was not considered in our calculation, in near-limit one-dimensional H 2 -air premixed flames. It has been known for over 40 years that when flames travel upward through the mixtures containing from 4.1%-10% hydrogen, a portion of the hydrogen remains unburnt, while the hydrogen-air mixture must be enriched to over 10% hydrogen in order to support a flame in downward flame propagation [25] . This phenomenon is due to the appearance of discrete curved flames with a non-planar cellular structure, which appears to be rather resilient to heat losses and may survive far beyond the extinction point of the associated planar flame [26] , in the near-lean-limit H 2 -air premixed flame. No planar premixed flames can be found below 10% hydrogen. Therefore, the present calculation gives a numerical result, which is very close to the experimental result, of the flammability limit of one- dimensional planar premixed H 2 -air flames. Although the limit listed in the textbooks [24, 25] is much lower than the present numerical result, that is the flammable region of cellular flame.
This result shows that a cellular H 2 -air flame can survive under the flammability limit of a planar premixed flame. Actually, the physics of cellular structure is essentially similar to that of a stretched counterflow premixed flame and steady flame balls have been shown to exist in the sub-limit condition [27] . Therefore, counterflow H 2 -air premixed flames can exist under the flammability limit of a one-dimensional planar premixed flame, as will be discussed in the next section.
Flammable regions
The flammable regions of normal and weak flames can be formed by plotting all limits on the a-φ-plane, as shown in figure 12 . ABC is a C-shaped curve, which is similar to that we obtained for the stretched CH 4 -air premixed flames [9] . AB is the stretch extinction limit branch, BC is the radiation extinction limit branch and DE is the jump limit curve of the normal flame. DG is the jump limit curve of a weak flame and CI is the radiation extinction limit curve of a weak flame. The equivalence ratio value at point K is the concentration limit of a one-dimensional planar premixed flame.
We can find that point B, where the stretch extinction limit branch and the radiation extinction limit branch merge, is the lowest fuel concentration limit, below which the counterflow premixed H 2 -air flames cannot exist regardless of the stretch rate. Neither the stretch extinction limit branch (AB) nor the radiation extinction limit branch (BC) of a normal flame can be extended to the concentration limit of a one-dimensional planar premixed flame. Only the maximum equivalence ratio value (point E), above which the jump limit of a normal flame does not exist, is the concentration limit of a one-dimensional planar premixed flame. At this equivalence ratio, the stretch rates of the normal flame jump limit and the weak flame radiation extinction limit are the same. [11] , where point E is the flammability limit of a one-dimensional planar premixed CH 4 -air flame. The velocity gradient corresponds to the stretch rate.
The right-hand side of ABCDEK is the flammable region of a normal flame, and the weak flame can exist within the region GDCI. GDEI is a region within which both normal and weak flames can exist. The stretch rates at both the radiation and jump limits of a weak flame decrease with the rise of the equivalence ratio first, and then slightly increase with the further rise of the equivalence ratio from an equivalence ratio of about 0.794.
The flammable regions of normal and weak flames of CH 4 -air counterflow premixed flames [11] are given in figure 13 for comparison with the present results. We can find that for a H 2 -air mixture, the difference between the flammability of a counterflow premixed flame and the flammability limit of a one-dimensional planar premixed flame is greater than that for a CH 4 -air mixture. This means that the extension of the flammability limit due to the stretch is amplified for a H 2 -air flame. It is due to decreasing Lewis number. Therefore, we can conclude that the Lewis number has a dramatic effect on the extension of the flammable region caused by the flame stretch.
Conclusions
Numerical calculations of the counterflow premixed H 2 -air flames have been conducted. Emphasis has been placed on the effect of radiation heat loss and the mechanisms of flame bifurcation and the effect of the Lewis number. Also attention was paid to the relation between the counterflow premixed flames and the one-dimensional planar premixed flame.
Radiation heat loss has an important impact on the flames at the lower stretch rate region. When the equivalence ratio is lower (φ 0.1875), the temperature profile of every flame is a closed O-shaped curve, which is similar to those of stretched CH 4 -air premixed flames at a lower equivalence ratio region. There are two extinction limits for every flame, the stretch extinction limit induced by the excessive stretch at a higher stretch rate and the radiation extinction limit induced by the radiation heat loss at a lower stretch rate. For middle equivalence ratio (0.1875 φ 0.2734) flames, the temperature profile of every flame becomes a distorted O-shaped curve due to the combined effect of the radiation heat loss and the Lewis number. This phenomenon does not appear for CH 4 -air counterflow premixed flames. There are also two extinction limits for every flame, the stretch extinction limit and the radiation extinction limit. However, the temperature profiles of higher equivalence ratio (φ 0.3033) flames are different from those of lower and middle equivalence ratio flames. First, when the equivalence ratio is lower than a critical value (0.314), the temperature profile of every equivalence ratio is still a closed curve, but there are four limits along the curve. The curve is divided into two stable flame branches and two unstable branches by these four limits. For every stable flame branch, there are two limits, a stretch extinction limit and a jump limit for the normal flame branch and a radiation extinction limit and a jump limit for the weak flame branch. This jump limit of the normal flame branch does not exist for the CH 4 -air mixture. It is the result of a lower Lewis number. If the equivalence ratio is greater than this critical value (0.314), the jump limit of a normal flame does not exist, and the closed flame temperature profile of every equivalence ratio opens. Then the normal flame branch can be extended to zero stretch rate, at which the solution of the counterflow flame is the solution of a one-dimensional planar premixed flame. However, the two limits of a weak flame still exist. The results show that this critical equivalence ratio for the opening up of the temperature profile corresponds to the lean limit of the one-dimensional planar premixed H 2 -air flame.
The comparison between the extinction curves of CH 4 -air and H 2 -air flames shows that the extension of the flammability limit of stretched flames is amplified by the decrease of the Lewis number.
